A many body Hamiltonian comprising pairing, quadrupole-quadrupole and spin-spin interaction is treated within a projected spherical basis with the aim of describing the detailed structure of the magnetic states of orbital and spin-flip nature in 144,148−154 Sm. The mean field for the single particle motion takes care of the volume conservation of a phenomenological core which results in having a complex dependence on deformation for single particle energies.
I. INTRODUCTION
The collective magnetic dipole mode (M1) was one of the central subjects in the last two decades. The interest has grown with time due to the wealth of experimental data provided by several groups performing either (e, e ′ ) experiments at backward angles with high resolution or (γ, γ ′ ) measurements using brehmstralung radiation. The theoretical work in this field preceded the experiment. Indeed Lo Iudice and Palumbo [1] predicted the existence of this state from an anti-phase angular oscillation of proton and neutron axially symmetric and rigid systems. The model is known under the name of two rotor model (TRM), and the predicted mode as scissors mode. Later on Iachello predicted the existence of such a mode at lower energy within the Interacting Boson Approximation (IBA) [2] .
The experimental discovery of this state in 156 Gd, by Achim Richter and his collaborators [3] , in an (e, e ′ ) experiment, was a stimulus for both experimental [4] [5] [6] [7] [8] [9] [10] and theoretical intensive activities. Thus, many descriptions have been proposed and some authors reactivated some old own papers devoted in the past to closely related topics. Both phenomenological [11] [12] [13] 15, 16, 34] and microscopic [14, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] descriptions have been proposed.
The phenomenological formalisms provide an intuitive basis for the description of the new mode, although many details such as the fragmentation and the magnitude of the total strength cannot be accounted for. That is the reason why several improvements have been proposed along the time. The rigid motion of the proton-neutron system was replaced by a share motion [20] or the motion of two liquid drops [11, 17] . The Interacting Boson Approximation was extended by distinguishing between the proton and neutron bosons [34] and pointed out that the F spin symmetry plays an important role for the structure of the magnetic state. Also the Coherent State Model [37] was generalized to GCSM [12] , which provides a new boson description of M1 states. The microscopic formalisms use the QRPA approach within a deformed single particle basis and predict indeed that the M1 strength is distributed among many QRPA states. The nice feature brought by the microscopic theories is that the low lying states with relatively large M1 transition probability are excited mostly by the orbital part of the transition operator. Such type of states are conventionally called scissors like states since their structure confirm the hypothesis of the TRM model that the mode is due to the convection current created by the protons motion.
Early microscopic description of the state as a doorway state orthogonal to the spurious rotational modes predicted fragmentation [14, 35, [38] [39] [40] [41] The fragmentation effect was confirmed experimentally and as a consequence a new question was opened, namely, whether there are orbital states in the region beyond 4 MeV where the spin-flip excitations dominate.
A long standing debate was about the mixture in the predicted mode, of spurious components of isoscalar nature [42] . Several projection procedures were proposed [17, 20, 27, 38, 39, 43, 44] to purify the theoretical state from spurious components.
Many review articles discussing the results on this topic appeared in journals or proceedings of conferences and summer schools. Since we focus our attention on a specific description, we might unavoidably omit some important contributions to the field from our list of references and therefore, we advise the reader to consult the most recent reviews from
Refs. [45] [46] [47] .
The present paper is devoted to the study of the orbital and spin excitations in the eveneven isotopes of Sm, using a projected single particle basis [48] . Some ingredients like the projected states and the model Hamiltonian are similar to those used in Ref. [36] . The new point of the present investigation consists of the definition of the mean field. Here the mean field of the single particle motion is defined by averaging a particle core Hamiltonian on a coherent state describing a phenomenological deformed core. The coupling term comprises a monopole-monopole and a quadrupole-quadrupole interaction. The monopole term is calculated by exploiting the restriction for the volume conservation. In this way the single particle energies, approximated by the average of the mean field Hamiltonian on the projected states, have a complex dependence on the deformation parameter. We recall that in Ref.
[36] the single particle energies depend linearly on deformation. Therefore our aim is to investigate whether by considering more realistic single particle energies one obtains an improvement of the quantitative description given in Ref. [36] . As we shall see at the end of this paper many details shown by the experimental data are nicely described by our approach which in fact confirm our expectation that in order to describe the non-global features of the system one should define properly the mean field of the single particle motion.
The results are described according to the following plan. In Section 2, we present briefly the projected single particle basis. Also, here we describe the mean field and derive analytical expressions for the single particle energies. The model Hamiltonian and the QRPA states are introduced in Section 3. The reduced probability for exciting these states from the ground state is also given. Applications to the even-even isotopes of Sm are described in Section 4.
The main results are summarized in Section 5
II. PROJECTED SINGLE PARTICLE BASIS
Technical details about the construction of the angular momentum projected single particle basis appropriate for the description of the single particle motion in a deformed mean field generated by the particle core interaction, are given in Ref. [36] . Aiming at a selfconsistent presentation, we give here the main ingredients of the method used in the above quoted reference.
The single particle mean field is determined by a particle-core Hamiltonian:
Here H sm denotes the spherical shell model Hamiltonian while H core is a harmonic quadrupole boson (b + µ ) Hamiltonian associated to a phenomenological core. The interaction of the two subsystems is accounted for by the third term of the above equation, written in terms of the shape coordinates α 00 , α 2µ . The quadrupole shape coordinates are related to the quadrupole boson operators by the canonical transformation:
where k is an arbitrary C number. The monopole shape coordinate is to be determined from the volume conservation condition. In the quantized form, the result is:
AveragingH on the eigenstates of H sm , hereafter denoted by |nljm , one obtains a deformed boson Hamiltonian whose ground state is described by a coherent state
with |0 b standing for the vacuum state of the boson operators and d a real parameter which simulates the nuclear deformation. On the other hand, the average ofH on Ψ g is similar to the Nilsson Hamiltonian [49] . Due to these properties, it is expected that the best trial functions to be used to generate, through projection, a spherical basis are:
The upper index appearing in the l.h. side of the above equation suggests that the product function is associated to the particle core system The projected states are obtained in the usual manner by acting on these deformed states with the projection operator
A certain subset of projected states is orthogonal:
The main properties of these projected spherical states are: a) They are orthogonal with respect to I and M quantum numbers. b) Although the projected states are associated to the particle-core system, they can be used as a single particle basis. Indeed when a matrix element of a particle like operator is calculated, the integration on the core collective coordinates is performed first, which results in obtaining a final factorized expression: one factor carries the dependence on deformation and one is a spherical shell model matrix element. c) The connection between the nuclear deformation and the parameter d entering the definition of the coherent state (2.4) is readily obtained by requiring that the strength of the particle-core quadrupole-quadrupole interaction be identical to the Nilsson deformed term of the mean field:
Here Ω ⊥ and Ω z denote the frequencies of Nilsson's mean field related to the deformation δ = 45/16πβ by:
The average of the particle-core Hamiltonian H ′ =H − H core on the projected spherical states defined by Eq.(2.7) has the expression
Here we used the standard notation for the Clebsch Gordan coefficients C
J stands for the following integral
It is worth mentioning that the norms for the core's projected states as well as the matrix elements of any boson operator on these projected states can be fully determined once the overlap integrals defined in (2.11), are known [37] . Since the core contribution does not depend on the quantum numbers of the single particle energy level, it produces a shift for all energies and therefore is omitted in Eq.(2.10). However when the ground state energy variation against deformation is studied, this term should be considered as well.
The first term from (2.10) is, of course, the single particle energy for the spherical shell model state |nljm . According to our remark concerning the use of the projected spherical states for describing the single particle motion, the average values ǫ I nlj may be viewed as approximate expressions for the single particle energies in deformed Nilsson orbits. We may account for the deviations from the exact eigenvalues by considering, later on, the exact matrix elements of the two body interaction when a specific treatment of the many body system is applied. It is worth mentioning that the dependence of the new single particle energies on deformation is similar to that shown by the Nilsson model. This is clearly seen in Fig. 1 and Fig. 2 described in section 4. We remark that the energies shown in the above mentioned plot depend on deformation in a different manner than those obtained by one of the present authors in Ref. [36] . Indeed therein, they depend linearly on deformation while here non-linear effects are present. The difference between the two sets of energies is caused by the fact that here the volume conservation condition was used for the monopole shape coordinate while in Ref. [36] this term was ignored and moreover there is no account of the volume conservation condition. In this respect, one expects that this difference in the single particle energies will induce some modifications of the results of Ref. [36] concerning the fragmentation process of the M1 strength. Although the energy levels are similar to those of the Nilsson model, the quantum numbers in the two schemes are different. Indeed here we generate from each j a multiplet of (2j + 1) states as I, which plays the role of the Nilsson quantum number Ω, runs from 1/2 to j. On the other hand, for a given I there are 2I + 1 degenerate sub-states while the Nilsson states are only double degenerate. As explained in Ref. [36] , the redundancy problem can be solved by changing the normalization of the model functions:
(2.12)
Due to this normalization, the states Φ αIM used to calculate the matrix elements of a given operator should be multiplied with the weighting factor 2/(2I + 1).
Concluding, the projected single particle basis is defined by Eq.(2.7). The projected states are thought of as eigenstates of an effective Hamiltonian, with the corresponding energies given by Eq.(2.10).
III. THE MODEL HAMILTONIAN AND THE M1 STATES
In the states introduced in the previous Section, we consider a system of Z protons and N neutrons interacting among themselves in the following manner. The nucleons of similar isotopic charge interact through pairing interaction, dipole-dipole and quadrupole quadrupole interaction. Protons and neutrons interact only through dipole and quadrupole two body interaction. The many body Hamiltonian describing such a system is written in second quantization as:
Note that although the model Hamiltonian is formally identical to that used in Ref. [36] , the mean field parts of the two schemes are different from each other. Therefore even if the procedures used are similar, the final results are different. Before applying the QRPA treatment, it is convenient to rewrite the QQ interaction by re-coupling the initial and final nucleons in a different way and keep in the final result only the dipole-dipole term. By doing this, the new expression is no longer separable. The many body Hamiltonian is written first in quasiparticle representation, by using the Bogoliubov-Valatin transformation, defined by the coefficients U αI and V αI . At this stage one can define the QRPA dipole phonon operator which creates, by acting on the vacuum state |0 , the QRPA states:
where A + µ (ab; τ ) and Aμ(ab; τ ) denote the dipole operator constructed out of two quasiparticle creation operators a + α and a + β and two annihilation operators a α and a β , respectively
The phonon amplitudes are obtained by solving the QRPA equations with the normalization condition:
The solutions of the QRPA equations are labeled by the index λ = 1, 2, ... defined by the ordering relation for the corresponding energies (ω λ ): ω 1 < ω 2 < ω 3 < ... The QRPA states can be excited from the ground state, the vacuum state of the phonon operator, by the transition operator:
where the effective gyromagnetic factors are obtained by accounting for the renormalization induced by the angular momentum carried by the core system:
The reduced transition probability is defined by 1 :
The involved matrix element has the expression:
with obvious notations for the reduced matrix elements for the orbital angular momentum (l) and spin operator ( 1 2 ).
IV. APPLICATION TO THE EVEN-EVEN SM ISOTOPES
The QRPA equations were solved for 144,148−154 Sm isotopes. The single particle energies are those given by Eq. (2.10), with the spherical shell model energies ǫ nlj determined by the frequency ω 0 and the strengths C and D for the spin orbit and l 2 terms, respectively
where χ = 0.0637, µ = 0.6 for protons and µ = 0.42 for neutrons [49, 50] . The single particle energies can be considered either as functions of the nuclear deformation δ by means of the frequencies Ω ⊥ , Ω z , or as functions of the deformation parameter d due to Eq. (2.8). In the later situation, an additional parameter is introduced,k, which remained undetermined when the shape coordinates were transformed in boson variables. In order to compare the present results with those reported in Ref. [36] it is useful to define the strength of the particle core qQ interaction so that the corresponding matrix elements have similar expressions in the two descriptions. It results
For illustration, proton and neutron single particle energies are presented as functions of the deformation parameter d in the figures 1 and 2, respectively, for 154 Sm. The particlecore coupling constant X c was taken equal to that given in Ref. [36] . In principle the deformation parameter should be determined by requiring that the system of Z protons and N neutrons filling the energy levels in Figs. 1 and 2 respectively, in accordance to the Pauli exclusion principle, has a minimum energy with respect to changing the deformation.
By this procedure, one obtains the equilibrium value of d specified by the dashed vertical line. However in the generalized coherent state model (GCSM) [12] , which is also based on coherent states description, the deformation parameter was fixed by a fit of the experimental E2 strength to the lowest 2 + states. It turns out that this procedure works well for deformed nuclei but not unambiguously for near spherical nuclei. The value obtained for the case of phenomenological core was performed. The average of the core Hamiltonian is a function of d which influences, to a large extent, the equations for energy minimum. The Fermi energies for protons and neutrons are pointed by arrows in the corresponding graphs.
The strength parameters of the model Hamiltonian which were used in our calculations are collected in table 1. As we have already mentioned, we want to outline the effect on the M1 strength coming from the fact that we use a different set of single particle energies than in Ref. [36] . Such an effect could be best determined if the strength parameters used in the two descriptions were close to each other. Indeed the parameters from Table 1 are, with few exceptions, practically the same as in Ref. [36] . We modified the pairing strengths so that the gap parameters produced with the new set of single particle energies were the same as in the previous treatment. Moreover these are the same as those used by that despite the fact that the considered nucleus is a deformed one, the quasiparticle energies exhibit a shell like structure manifested by some energy gaps. The quasiparticle energies were used to solve the QRPA equations. Further, the transition operator given by Eq. (3.5)
is used to excite the resulting states. The reduced transition probability for such excitation to take place is calculated by means of relation (3.8) which contains in a factorized form the contribution coming from the BV and QRPA transformation amplitudes as well as from the matrix elements of the orbital and spin operators. Table 2 . Comparing the data given there and the corresponding ones given in Ref. [36] one immediately concludes that the single particle energies have a notable effect on both the orbital and the spin excitations in the even-even Sm isotopes. For the gyromagnetic factors of orbital angular momenta, we took their bare values, i.e. g l (p) = 1 and g l (n) = 0. The spin gyromagnetic factors are quenched by a factor 0.85, as in Ref. [27] , in order to account for effects determined by nucleon excited states which are not described in the present paper. For the gyromagnetic factor induced by the core angular momentum, we took the value g c = 0.166 which corresponds to a ratio of the renormalized neutron to proton orbital gyromagnetic factors equal to 0.2, as suggested by the phenomenological models IBA2 [34] and GCSM [52] . Our analysis suggests a small contribution due to the core gyromagnetic factor. For orbital transition strength this confirms the scissor character of the transition, i.e. it is described by an operator proportional to (g p − g n )(l p µ − l n µ ). As far as the spin-flip transitions are concerned, the correction due to g c is small
since this is small comparing it to the spin gyromagnetic factor. The theoretical and experimental spin-spin strength distributions are compared with each other in Fig. 5 One of the most interesting properties of the scissors like excitation for Sm isotopes was pointed out in Ref. [7] , and refers to the linear dependence of the total strength below 4 MeV, on the deformation squared. This dependence is nicely obtained in Fig. 8 and this suggests once more a very good agreement with the experiment. Such a relationship between the total orbital strength and nuclear deformation is a rigorous prove that the magnetic states populated in the inelastic (e,e ′ ) backward scattering are of collective nature. On the other hand, the E2 transition probability from the ground state to the first collective 2 + state has also a linear dependence on the nuclear deformation squared. This suggests a proportionality relationship between the two quantities.
Indeed in Ref. [53, 54] it has been shown that the proportionality factor is the average energy defined asĒ
3)
The theoretical and experimental average energies, defined as above, are compared with each other in Fig. 9 . The agreement is again very good. Indeed the deviation of theory from experimental data vary from 100keV in the case of 154 Sm, to 210 keV in 144 Sm. The collective features of the scissors states might be also evidenced in the plot of the total orbital strength below 4 MeV versus the factor 4) introduced by Casten in Ref. [53] . Indeed, as shown in Ref. [54] the graph obtained is almost identical to that representing the BE2 values as function of the same quantity. In the above equation N p , N n denote the proton and neutron boson numbers respectively, defined in the IBA model as being equal to half the nucleon number in the open shell. In our case the predicted and experimental values were interpolated as in the reference quoted above by a continuous curve. We note that here the saturation process start with 152 Sm at P ≈ 5 and the limit strength is 2.9 µ 2 N .
V. CONCLUSIONS
A model Hamiltonian has been treated within the QRPA formalism based on a projected spherical single particle basis. The mean field for the single particle motion is defined by averaging a particle-core Hamiltonian over a coherent state describing a deformed phenomenological core.
The monopole part of the coupling term is determined from the volume conservation condition.
An orthogonal basis is defined through projection technique from a product function of a spherical single particle state and a coherent state for the quadrupole shape coordinate describing the phenomenological core. Although this basis comprises both the single particle and core coordinates, it may be used for treating the operators acting only on particle coordinates by integrating on the core coordinates. A set of single particle energies are defined by averaging the mean field
Hamiltonian on each member of the basis. These energies depend on deformation in a similar way as the Nilsson energies. It is argued that these energies approximate quite well the eigenvalues of the mean field Hamiltonian while the projected states are close to the states which are obtained by projecting the good angular momentum from the eigenstates of the mean field Hamiltonian.
The QRPA formalism provides the dipole magnetic states. Special attention is focused to those states lying in the interval 0-10 MeV. For these states the B(M1) values were calculated by using the transition operator given by Eq. (3.5).
Applications were made for the even-even isotopes of Sm. The intervals 2-4 and 4-10 MeV were considered separately since the states in these intervals are excited by different parts of the transition operator.
For the first interval we compared the predictions with the corresponding data for the following observables. The distribution of the theoretical orbital strength has similar shape as the experimental results. Moreover the number of the transitions seen experimentally is equal to the number of transitions of a visible size in the plots shown.
The very good quality of the agreement between theory and experiment can be seen from the plot showing the quadratic dependence on the nuclear deformation of the total orbital strength.
The same conclusion can be drawn from the plots representing the average energy in the interval 0-4 MeV as well as from the graph of total strength as function of the Casten's factor P.
Concerning the spin transitions we considered first the case of 154 Sm where experimental results for strength distributions are available. As shown in Fig. 5 , the predicted distribution agrees quite well with the experimental one. For all considered isotopes the spin transitions are presented in Fig. 7 . One clearly notices how the fragmentation is influenced by deformation and moreover the appearance of the shell structure when one goes from the deformed to the spherical isotopes.
Comments about the isotopic dependence of the spin strength and upon the fact whether there are orbital transitions beyond 4 MeV or spin transitions below 4 MeV are included.
We stress that the formalism used in the present paper is similar to that from Ref. [36] except for the single particle energies. Indeed there they have a linear dependence on deformation while here higher powers of deformation are included by implementing the volume conservation condition for the mean field. This feature seems to be essential in obtaining a better description of both the orbital and spin strengths.
As a final conclusion one may say that the present model, using a projected spherical single particle basis and a mean field defining a set of deformed single particle energies which depend non-linearly on deformation, is an efficient method for a realistic description of the M1 properties caused by convection currents and spin distributions in nuclei. Th. 
